Abstract. An implementation of C++ language open source code software, OpenFOAM, for simulation of flow past NACA 0015 airfoil was performed to access a suitable turbulence model. Three various turbulence models were selected which comprised of Spalart-Allmaras model, RNG k-ε model and Menter SST k-ω model, respectively. The SIMPLE algorithm and Upwind method was used to solve the governing equation to achieve flow solutions of computational fluid dynamic (CFD) models. The flow simulation obtained lift coefficient (CL) and drag coefficient (CD) to compare with the wind tunnel experiment data at Reynolds number (Re) of 160,000 and 360,000 with the large range airfoil angle of attack (AOA) from 0 to 20 degree. The suitable CFD model was the Menter SST k-ω model which obtained an average error of CL and CD less than 10.96% and 22.21%, respectively.
Introduction
Airfoil simulation referred to predict aerodynamics performance which was the active force acting on airfoil. Computational Fluid Dynamics (CFD) were the methodology to study phenomenon of fluid flow past airfoil with the benefit to reduce time and cost of physical experiments. The most of airfoil simulation was analyzed under the turbulent region. The precise simulation solution should be obtained when grid generation fined around wall region. The non-dimension y+ of first cell for CFD techniques was controlled into viscous sub-layer less than five [1] but some researcher had suggested one [2] .
Reynolds-averaged Navier-Stokes equation (RANS) was always employed into CFD techniques which focused on the mean flow of turbulence. An extra term, Reynolds stresses, was estimated by turbulence models classified by number of additional term into the transport equation. The one transport equation, Spalart-Allmaras (S-A) model was developed to calculate kinematics eddy viscosity parameter and length scale in the term of local mean vorticity [3] - [5] . Two additional terms were used to estimate Reynolds stresses such as standard k-ε model, RNG k-ε model [6] , Wilcox k-ω model and Menter shear stress transport (SST) k-ω model [7] . In an external aerodynamics problem, Spalart-Allmaras model, Wilcox k-ω model and Menter SST k-ω model were suggested for simulation. There are many researchers used commercial CFD software such as ANSYS, FLUENT and STAR-CD which contained turbulence models [8] [9]. Unfortunately they were limited on an expensive license cost. The Open Source Field Operation and Manipulation (OpenFOAM) software had been used C++ language for CFD code without license cost under GNU General Public License [10] . This research would apply turbulence models using OpenFOAM to determine an appropriate model for airfoil simulations and wind turbine blade design which was an external aerodynamics problem in a further work.
Turbulence models
In this research, three turbulence models comprised of Spalart-Allmaras (S-A) model, Menter SST k-ω model and RNG k-ε model were implemented to simulate flow past an airfoil.
Spalart-Allmaras model
The S-A model is form with the transport equation of the kinematic eddy viscoscity (ߥ ). The one-equation of the S-A model is written by:
where ߥ is the kinematic eddy viscosity, ݂ ௪ is the wall damping function, ߤ is the dynamics viscosity. The constant incluse ߪ ௩ , ‫ܥ‬ ଵ , ‫ܥ‬ ଶ and ߢ has value of 0.67, 0.1355, 0.622 and 0.4187, respectively.
Menter SST model
The Menter SST k-ω has been developed from the Wilcox k-ω [11] to precise simulation results on the boundary layer. Two equations of the model can be written by:
where ܲ is the rate of production of turbulent kinetic energy. The constant incluses ߪ , ߚ * , ߪ ఠ,ଵ , ߛ ଶ , ߚ ଶ and ߪ ఠଶଵ has value of 1.00, 0.09, 2.0, 0.44, 0.083 and 1.17 respectively.
RNG model
where k is the turbulent kinetic energy, ߝ is the turbulent dissipation. The constant incluse ‫ܥ‬ ఓ , ߙ ఌ , ‫ܥ‬ ଵ and ‫ܥ‬ ଶ has value of 0.0845, 1.39, 1.42 and 1.68 respectively. 
Wind tunnel experiment
The airfoil profile, NACA0015, with chorded length of 190 mm and span length of 285 mm was tested in the wind tunnel model WT300 (Fig. 1) . Lift force and drag force were measured using the triangular load cell as shown in Fig. 2 . The airfoil angle has been adjusted from 0 to 20 degree by using a load cell spindle. The flow velocity was controlled by an axial fan to generate Reynolds number (Re) of flow past airfoil at 160,000 and 360,000. 
Computational fluid dynamics
The computational domain has selected by using the Ctype domain which radius and downstream length are 13 and 26 times of a chord length respectively (Fig. 3) . The nearest cells or grids on airfoil were attempted to control by y+ value to be less than 1 which less than the satisfied values as equal to 11.63 [1] . The y+ value around airfoil is plotted against distance from leading edge to tailing edge as shown in Fig. 4 . The cell generation is performed simultaneously after y+ controlling, then the number of nodes around the airfoil is variable from 100 to 600 which made cells being into a simulated domain from 19,818 to 100,621 respectively. The steady result of lift coefficient (C L ) and drag coefficient (C D ) of airfoil at the angle of attack (AOA) of 4 degree is the cell independent test by the node number of 300 around airfoil and the total cell of 58,454. Fig. 5 shows a cell structure of an
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airfoil simulation at the near wall region with y+ between 0.2 and 1.4. The SIMPLE algorithm was used to solve the governing equation of airfoil simulation, while pressurevelocity coupling problem used Upwind method.
Boundary condition was inlet flow from the left side of the CFD domain which assigned uniform velocities and outlet flow was set by an atmospheric pressure. Front and back domain boundary were set by empty type. No slip condition and no wall function were set on wall boundary. An incompressible flow was used for air with density (ߩ) and a dynamics viscosity (ߤ) of 1.225 kg/m 3 and 1.8375×10 -5 kg/(m s) respectively.
Results and discussion
The C L and C D achieved by calculation with simulation results of three turbulence models. The simulation and experiment result of flow past airfoil with Reynolds number (Re) of 160,000 was compared by graphs in Fig.  6 and Fig. 7 . The lift force increased linearly until the AOA was 10 degree and decreased at 12 degree. On the other hand drag force was opposite to the lift force along the AOA. The RNG k-ε model had trend of the C L graph in agreement with experimental data more than the other turbulence models. Subsequently, the SST k-ω model had C D graph in a good agreement with experimental data more than the other turbulence models. The experimental data had shown the stall angle at 10 degree of AOA while the S-A and RNG k-ε model had shown at 14 and 12 degree respectively. The simulation with Re of 360,000 had predicted C L and C D and had been achieved the same behaviour results by using Re of 160,000. Fig. 8 and 9 show the comparison C L and C D graph between CFD and the physical experiment under Re of 360,000 respectively. The SST k-ω model had trend of the C L and C D graph in a good agreement with experimental data than the other turbulence models. The stall angle of the S-A, SST k-ω and RNG k-ε model had shown at 12 degree. The result of CFD simulation had average error when compared with experimental data that described in Table  I and Table II for the AOA range of 0-10 and 11-20 degree respectively. The S-A and Menter SST k-ω model were both in good agreement with experimental data but the Menter SST k-ω model had results close to experiment data. The velocity of flow and stream line past airfoil at AOA of 12 degree under the Re of 360,000 by using the Menter SST k-ω model shows in Fig. 10 . The color contour expressed the flow velocity. The maximum velocity was red and the minimum velocity was blue. The maximum velocity was about 8 m/s happened on the leading edge of airfoil when it was set AOA less than 12 degree. The solid line showed the stream line of the air flow. The wake had occurred on the tailing edge of airfoil distinctly after AOA was more than 10 degree. The stream line of flow past airfoil happened vortex on the trailing edge at AOA of 12 degree. The pressure contours around airfoil by simulation at the same AOA in Fig. 10 are shown in Fig. 11 . The color contour expressed the pressure around the airfoil. The maximum pressure was 80 Pa happened on lower surface contour expressed the pressure around the airfoil. The maximum pressure was 80 Pa happened on lower surface of the airfoil which depicted by red. The maximum pressure as the drag force happened at AOA of 12 degree (Fig. 11) . 
Conclusions
An implementation of turbulence models for airfoil simulation using open source software had been performed. The CFD simulation obtained results to compare with wind tunnel experiment. The lift and drag coefficient were employed to determine the suitable turbulence model. The Menter SST k-ω was a suitable model for the airfoil simulation at AOA before stall region (0-10 degree). The stream line formed to be vortex after stall region (12 degree) distinctly. For the meanwhile, the RNG k-ε model was suitable for stall region (11-20 degree). Nevertheless, the Menter SST k-ω model was recommended for studying and designing airfoil of wind turbines because the least average error was obtained in both regions.
